Background: VIS410, a broadly neutralizing monoclonal antibody that binds the hemagglutinin stem of influenza A viruses, was safe and efficacious in a human H1N1 virus challenge study. This study evaluated the safety and tolerability of VIS410 in non-hospitalized adult patients with uncomplicated influenza A. Methods: Patients 18 to 65 years of age with symptom onset within 72 h were randomized 1:1:1 to receive a single intravenous infusion of VIS410 4000 mg, 2000 mg, or placebo. Neuraminidase inhibitor therapy was prohibited. Treatment-emergent adverse events (TEAEs) were evaluated up to 100 days post-infusion. Influenza symptoms were assessed daily for 10 days using the FLU-PRO tool. Nasopharyngeal virus shedding was assessed by quantitative reverse-transcription PCR (qRT-PCR) and viral culture through Day 7. Findings: Of the 150 patients randomized, 148 received study drug, and 138 were confirmed influenza A positive. Median age was 42 years; median time from symptom onset to treatment was 42 h; 93% had influenza A subtype H3N2. Safety: TEAEs, most commonly diarrhea of mild severity, were dose-related, occurring in 55%, 35%, and 24% of the 4000 mg, 2000 mg, and placebo patients, respectively. Two serious adverse events occurred, both in placebo patients. Symptom analyses: Baseline FLU-PRO symptom scores were balanced among groups. Mean scores were lower by Days 3 and 4 in the pooled VIS410 treatment group versus placebo (p b 0.023), with a tendency toward faster resolution by Kaplan-Meier analysis. Virology analyses: VIS410 was associated with reduced median nasopharyngeal viral load TCID 50 AUC Day7 (days × log 10 TCID 50 /mL) (3.66 pooled VIS410 vs 4.78 placebo, p = 0.08) and in the subset of patients with baseline hemagglutination inhibition (HAI) titer ≤40 (overall, 74% of patients) was significantly reduced vs placebo (4.218 pooled VIS410 vs 6.152 placebo, p = 0.009). Kaplan-Meier estimated time to resolution of viral shedding was reduced (1.9 vs 3.6 days, p = 0.03) in VIS410 treated patients. There was a trend toward greater proportion of culture-negative patients by Day 3 (66.7% vs 51.1%, p = 0.11); when this analysis was limited to the subset of patients with positive baseline cultures, this difference became more pronounced (63.2% vs 42.5%, p = 0.053). No differences were observed in nasopharyngeal influenza qRT-PCR profiles, which represent both live and neutralized virus. Interpretation: VIS410 was safe and well tolerated in adults with uncomplicated influenza A, with favorable effects on symptom resolution and virus replication. Trial registration: Clinical Trials: NCT02989194.
⁎
Neuraminidase inhibitors including oseltamivir, zanamivir, laninamivir, and peramivir have been approved for treatment of uncomplicated influenza, and have also become de facto 'standard of care' therapy for hospitalized patients [1] . The cap-dependent endonuclease inhibitor, baloxavir marboxil, is a potent inhibitor of influenza A virus replication [2] and has been approved for use in uncomplicated influenza patients in Japan and the U.S., with application for approval pending in Europe. Despite these advances, no influenza antiviral has been approved to date for treatment of hospitalized patients with severe disease. In the U. S., it is estimated that up to 600,000 seasonal influenza patients may be hospitalized each year, with up to 27,000 deaths [3] .
There is a long history of therapeutic antibody treatment for influenza, particularly in high-mortality pandemics. During the 1918 influenza pandemic, physicians resorted to administration of convalescent blood products (serum, plasma, or whole blood), interventions that a modern meta-analysis of 8 published studies involving 1074 patients suggests may have halved mortality rates [4] . During the 2009/2010 H1N1 pandemic, investigators in Hong Kong treated patients requiring intensive care with convalescent plasma containing a neutralizing H1N1 titer of ≥1:160, and observed lower mortality rates as well as lower influenza viral loads [5] . The investigators continued these studies over the following years using fractionated IVIG from H1N1 convalescent patients, again reporting a mortality benefit [6] . In an open-label Phase 2 randomized and controlled trial, Beigel and colleagues treated hospitalized patients in the U.S. with severe influenza A (principally H1N1) or influenza B with anti-influenza plasma containing hemagglutination inhibition (HAI) titers of ≥1:80 to the infecting strain [7] . In that study, 61% of patients had received neuraminidase inhibitor therapy prior to randomization (increasing to 99%, post-randomization); 58% of participants were in the Intensive Care Unit and 43% were already on mechanical ventilation at enrolment. This small study did not demonstrate significant benefits of plasma treatment, but the investigators reported encouraging trends in reduction in mortality and days on mechanical ventilation. Operational challenges to the use of patientderived convalescent blood products in these trials were addressed, but clearly limit the scalability of this approach. Monoclonal antibody therapy has the potential to address the scalability challenge.
VIS410 is a broadly neutralizing IgG1 monoclonal antibody with demonstrated anti-viral activity in vitro and in animal models against influenza strains in Group 1 (including H1 and H5) and Group 2 (including H3 and H7). VIS410 has been studied in 2 Phase 1 trials [8] and a Phase 2a influenza virus challenge study in healthy volunteers. In these studies, VIS410 was associated with GI adverse events, including diarrhea, nausea, and vomiting. These events were mitigated with a pre-treatment regimen of aspirin or ibuprofen in combination with diphenhydramine. In a Phase 2a H1N1 influenza viral challenge study, single dose intravenous VIS410 administration 24 h after virus-inoculation was associated with a statistically significant decrease in viral load area under the curve (VL-AUC) compared with placebo, demonstrating its potential benefit in treatment of patients with influenza A infection [9] . In this study, the safety and efficacy of a single infusion of VIS410 (at two dose levels) versus placebo were evaluated in patients with uncomplicated influenza A infection.
Methods

Study design
This randomized, double-blind, placebo-controlled trial (NCT02989194) was initiated in January 2017 at 58 sites across the Northern and Southern hemispheres with 28 sites enrolling patients in 5 countries (United States, Bulgaria, Estonia, Latvia, and South Africa). The first and last patients were enrolled in January and July of 2017, respectively, with the final follow-up visit conducted in October of 2017. The study was designed to compare the safety and tolerability of a single infusion of a high dose (4000 mg) or low dose (2000 mg) of VIS410 versus placebo (saline) in the treatment of uncomplicated influenza infection. An independent Data Safety Monitoring Board (DSMB) reviewed all available safety data after 30 and again after 75 patients had completed visits on Day 5 and 28, respectively. This trial was approved by relevant regulatory agencies and local institutional review boards and was conducted in accordance with International Conference on Harmonisation Good Clinical Practice guidelines and the principles of the Declaration of Helsinki. All patients provided written informed consent.
Study population
Eligible patients were between 18 and 65 years of age, tested positive for influenza A by a Rapid Antigen Test (Quidel, Sofia®), had at least one respiratory symptom (cough, sore throat, or nasal symptoms) of moderate to severe intensity, or had presence of at least one constitutional symptom (myalgia [aches and pains], headache, feverishness, or fatigue) of moderate to severe intensity, with onset of symptoms no N72 h before the start of infusion. Patients were excluded from the study if they had received any dose of influenza antiviral therapy in the 7 days prior to screening, had used NSAIDs or antihistamines within 6 h of study drug dosing, had hypoxemia requiring oxygen support, or were considered to be immunocompromised. A completed list of inclusion and exclusion criteria is included in the study protocol (Appendix 1, Supplemental Materials).
Research in context
Evidence before this study
We searched PubMed for citations over the prior ten-year period using the terms influenza A and human clinical trials, linked to monoclonal antibody therapy, polyclonal antibody therapy, plasma and serum therapy. In addition, studies posted on Clinicaltrials.gov were reviewed for status updates. Publications describing use of convalescent plasma and serum (hyperimmune globulin) as well as investigational monoclonal antibodies targeting hemagglutinin stem and influenza-A M protein were identified. Studies of convalescent plasma and serum containing high HAI titers provided evidence of antiviral efficacy, with survival benefit in the case of patients with H1N1 infection treated in Hong Kong. Evidence for antiviral efficacy of monoclonal antibodies targeting the hemagglutinin stem in treatment of natural infection was limited. Collectively, these exploratory studies provide strong evidence for potential benefit of convalescent plasma or serum therapy, although they are underpowered for statistical proof of benefit. In contrast, monoclonal antibody trials targeting HA-stem have not demonstrated compelling antiviral or symptom relief benefit, to date.
Added value of this study
Conserved HA stem epitopes are targets not only for mAb therapy, but also for universal influenza vaccine strategies. Exploratory demonstration that HA stem binding antibodies may influence the influenza A disease course is meaningful to development efforts for novel therapies as well as universal vaccination research efforts.
Implications of all the available evidence
Further evaluation of HA-stem binding mAb VIS410 in hospitalized patients with severe influenza infection is warranted.
Randomization and masking
Patients were randomly assigned in a 1:1:1 ratio to receive a single intravenous infusion of VIS410 of 2000 mg, 4000 mg, or placebo, using an interactive voice response system with permuted-block randomization, without stratification (block size was 3). Patients, clinical trial site and sponsor staff were blinded to treatment status, with the following exceptions: study pharmacists, unblinded study CRAs assigned to study drug management, PK analysts, and the unblinded statistician whose responsibilities were limited to support of the study Data Safety Monitoring Board. All patients (regardless of randomization arm) received a pre-treatment regimen of a single dose of diphenhydramine plus ibuprofen or acetylsalicylic acid 1 h prior to study drug administration. Concomitant use of antiviral therapy for influenza was prohibited. The use of symptom-modifying drugs such as NSAIDs, antihistamines, or pseudoephedrine was discouraged but if a symptom-modifying agent was needed, paracetamol/acetaminophen was encouraged as the drug of choice.
Analysis populations
Assessments of drug safety were performed for the safety population, which included all randomized patients who received intravenous study drug (VIS410 or placebo). Virologic and symptom response outcomes were assessed in the modified intent-to-treat (mITT) population which included all patients who received intravenous study drug and in whom influenza A infection was confirmed by qRT-PCR at the central virology laboratory. Pharmacokinetic (PK) analyses were performed in the PK population which included all patients who received intravenous study drug and had at least 1 measured VIS410 concentration.
Assessments
A complete physical examination and a nasopharyngeal swab to confirm influenza A infection by rapid antigen test were mandatory prior to randomization. All patients completed the FLU-PRO patient reported outcome symptom assessment at baseline and daily for 10 days following study drug administration [10, 11] . The FluPRO questionnaire is a 32-question instrument that assesses the occurrence and intensity of influenza associated symptoms. FluPro data were analysed by mean total symptom scores for all questions, and by composite scores for related symptom complexes, as described in the supplemental data linked to this manuscript. Nasopharyngeal swabs were collected from all patients prior to study drug administration (screening and baseline) and after study drug administration on Days 3 (±1 day), 5 (±1 day), and 7 (±1 day) for viral load assessment by qRT-PCR and culture (TCID 50 ) at a central laboratory (Viroclinics Biosciences B.V, Rotterdam, Netherlands). Influenza A subtype was determined from the baseline sample using a PCR-based method. Virus culture titers were determined using previously described methods [34] : red blood cell agglutination method for H1N1 viruses and an ELISA-based viral nucleoprotein (NP) detection method for H3N2 viruses which poorly agglutinate red blood cells. Serum samples were collected for PK and anti-drug antibody (ADA) assessment (Syneos Health, formerly inVentiv Health Clinical Lab; Princeton, NJ, USA) through Day 100. Nasal VIS410 concentration was also assessed through Day 100 in the first 50 subjects. All subjects had serum anti-influenza A antibody measured by HAI assay (against representative H1N1 and H3N2 strains) at baseline and 28 days following study drug administration.
Safety was assessed by review of adverse events, vital signs, physical examination findings, and clinical laboratory results through Day 100. Subjects were monitored for worsening of influenza symptoms and influenza-related complications.
Sanger sequencing of full-length hemagglutinin (HA) sequences was performed to monitor the emergence of genotypic resistance to VIS410. Sequences were derived from all study subjects for the baseline sample and all post-baseline samples that contained sufficient viral load for this method. Phenotypic testing was performed on samples with variant HA genotypes, including changes at VIS410 epitope residues, and a sub-set of samples with culturable virus post-treatment. Phenotypic methods included IC 50 analysis of virus after initial expansion in culture.
Statistical analysis
The primary objective of this trial was to assess the safety and tolerability of a single intravenous dose of VIS410, at 2 dose levels, in subjects with uncomplicated influenza A infection. No formal sample size calculations were done for this study; a sample size of 50 patients per treatment arm was considered appropriate for a Phase 2a study to assess safety and tolerability of VIS410. Secondary objectives evaluated efficacy of VIS410 compared with placebo in the time to resolution of clinical symptoms and viral shedding. In addition, immunogenicity of VIS410 and PK were evaluated. All virologic and symptom endpoints were assessed in the mITT population, with ad hoc assessment of selected endpoints in rational subpopulations, as described. Resolution of influenza symptoms was defined as a total mean symptom score of ≤1.0 on the FLU-PRO questionnaire. Standard non-compartmental approaches using Phoenix WinNonlin (Pharsight Corporation, Princeton, NJ, USA; Version 7.0 or higher) were used to calculate PK, peak viral load, and VL-AUC. VIS410 endpoints compared aggregated VIS410 data and each dose level of VIS410 to the placebo arm. For PK parameters, the geometric mean and coefficient of variance (CV) were calculated. All statistical comparisons were performed using 2-sided tests at the 0.05 significance level. All p-values are presented for informational purposes only; there were no adjustments for multiple comparisons. Chi-square methods were used for virologic endpoints to compare differences in treatment groups relative to placebo for the proportion of subjects with negative results on Day 3, Day 5, and Day 7 study visits. Kaplan-Meier analyses were evaluated with log-rank testing. Statistical analyses were performed using SAS (version 9.4 or higher).
Role of the funding source
The study was sponsored by Visterra Inc. and supported with Federal funds from the Department of Health and Human Services; Office of the Assistant Secretary for Preparedness and Response; Biomedical Advanced Research and Development Authority, under Contract No. HHSO100201500018C. The study sponsor was involved in study design; data collection, analysis, and interpretation; and writing and review of the manuscript. All authors had access to study data. The corresponding author had final responsibility for the decision to submit for publication.
Results
A total of 150 patients underwent study randomization; 148 (98.7%) received study drug (Safety population), and 138 (92.0%) tested positive for influenza A by qRT-PCR at the central laboratory (mITT population) (Fig. 1) . Ninety-eight patients were randomized to receive VIS410. The study completion rate was 98.0%; 2 patients discontinued prior to receiving study drug (1 withdrew consent and one was not dosed due to temporary hold by the Sponsor to conduct an ad hoc DSMB meeting per protocol) and 1 patient was lost to follow-up. Disposition data are summarized in Supplemental Table 1 .
The demographic and baseline disease characteristics were generally comparable among treatment groups (Table 1) . Overall, the majority of participants were White with a mean (SD) age of 41 (13.2) years. Slightly more females were enrolled than males. Body mass index was similar across groups with median of 28.6 kg/m [2] . All patients were enrolled within 72 h from onset of influenza symptoms with the majority of subjects enrolled within 24 to 48 h of symptom onset. More patients in the VIS410 4000 mg group were enrolled within 48 to 72 h after onset of influenza symptoms than in the with VIS410 2000 mg or placebo groups.
As expected, the percentage of participants who received vaccination for influenza in the prior 6 months was low. The most common influenza subtype was H3N2; only a few subjects were infected with H1N1 virus.
Safety and tolerability
Overall, 58/148 patients (39.2%) reported at least one adverse event (Table 2 ). There were 103 treatment-emergent adverse events (TEAEs) in 56/148 patients (37.8%). The proportion of subjects experiencing TEAEs did not differ significantly between VIS410 2000 mg (34.7%) and placebo (24.0%) recipients (p = 0.326), but was significantly higher among recipients of VIS410 4000 mg (55.1%) versus placebo (p = 0.014). The most commonly reported adverse events were diarrhea (26.5%, 16.3%, and 12.0%), vomiting (8.2%, 0%, and 2.0%), and headache (6.1%, 4.1%, and 4.0%) for the VIS410 4000 mg, VIS410 2000 mg, and placebo recipients, respectively ( Table 2 ). The majority of TEAEs were mild to moderate in severity and resolved rapidly: overall, 11 subjects reported moderate TEAEs: 10.2% (5/49 subjects) in the VIS410 4000 mg group, 6.1% (3/49 subjects) in the VIS410 2000 mg group, and 6.0% (3/ 50 subjects) in the placebo group. Three adverse events were graded severe: one non-SAE episode of gastritis in the VIS410 4000 mg group, and 2 serious adverse events (SAEs) (upper gastrointestinal [GI] haemorrhage and cerebrovascular accident), both of which occurred in placebo recipients. The VIS410 recipient with an episode of severe gastritis, a 24-year old male with an unremarkable medical history, reported vomiting (of mild severity), diarrhea (of mild severity) and gastritis (considered severe, and treated with proton pump inhibitor therapy) following study drug administration. The placebo recipient with GI haemorrhage was determined to have a pre-pyloric gastric ulcer and H. pylori infection; it is possible that the protocol assigned single dose of ibuprofen prior to placebo administration contributed to this episode. No SAEs occurred in VIS410-treated patients in this study. There were no treatment-limiting adverse events, and no deaths occurred during the study. The overall rates of influenza complications (otitis media and sinusitis) were low and similar across groups, 4.4% and 6.3% in the pooled VIS410 and placebo groups, respectively. Additional adverse event details are summarized in (Supplemental Table 2 ).
No patient reported worsening of influenza symptoms or had a relapse of infection following VIS410 infusion that might suggest antibody-dependent enhancement of infectivity.
The incidence of adverse events related to laboratory test results was low and comparable across treatment groups. Mean changes from baseline in laboratory parameters were small and not clinically meaningful.
The DSMB was convened twice to review the safety data following enrolment of 30 and 75 patients per protocol. In addition, the DSMB reviewed each of the SAEs to ensure subject safety and well-being. In all cases, the DSMB recommended that the study continue as planned.
Symptom analyses
Mean total FLU-PRO symptom scores at baseline were balanced across all the treatment groups with mean scores of b2.0 (scale of 0-4) across groups, indicating that symptoms were generally of mild to moderate severity at baseline; the change in mean total symptom scores over time by treatment arm is presented in Fig. 2 . Absolute and percentage reduction from baseline in mean total symptom scores was greater in VIS410-treated subjects through Day 6, and similar between VIS410 and placebo groups thereafter through Day 10 ( Table 3 ). In the VIS410 2000 mg treated subjects, greater percentage change from baseline in comparison with placebo was evident on Day 2 and achieved significance for Day 3 (p = 0.002) through Day 5 (p = 0.030). Across pooled VIS410-treated patients (2000 and 4000 mg cohorts) the percentage reduction from baseline was statistically greater at Day 3 (p = 0.025) and Day 4 (p = 0.007). This is presumed to be a consequence of reduced viral replication, as presented in viral culture data below.
The median Kaplan-Meier estimate of time to symptom resolution (based on total mean symptom score ≤ 1.0) was lower (2.1 days) in the Total VIS410 group compared with 2.6 days for the placebo group (p = 0.173). The Kaplan-Meier plot of time to symptom resolution for total symptom score based on mean score ≤ 1.0 is presented in Supplemental Fig. 1 . Mean FluPro domain and composite symptom score percentage change from baseline values by treatment group and timepoint are presented in Supplemental Table 3 , and presented graphically in Supplemental Fig. 2 .
The number of subjects with documented fever at baseline (oral temperature N 38°C) was 17/46 (37.0%) in the VIS410 4000 mg group, 18/44 (40.9%) in the VIS410 2000 mg group, and 20/48 (41.7%) in the placebo group. Median time to normal temperature posttreatment for patients with fever was 2.2 days across all treatment groups.
Virology analyses
VIS410 was associated with reduced median nasopharyngeal viral load TCID 50 AUC Day7 (days × log 10 TCID 50 /mL) (3.66 pooled VIS410 vs 4.78 placebo, p = 0.08), and in the subset with baseline HAI titer ≤40 (overall, 74% of patients), the effect was more pronounced, with a significant reduction vs placebo (4.22 pooled VIS410 vs 6.15 placebo, p = 0.009). Kaplan-Meier estimated time to resolution of viral shedding was reduced (1.9 vs 3.6 days, p = 0.03) (Fig. 3 ). There was a trend in the pooled VIS410 treatment group toward a greater proportion of culture-negative patients by Day 3 (66.7% vs 51.1%, p = 0.11); when this analysis was limited to the subset of patients with positive baseline cultures, the difference became more pronounced (63.2% vs 42.5%, p = 0.053) (Fig. 4) . Peak viral load occurred at baseline prior to dosing for the majority of subjects. Accordingly, the median peak viral load based on qRT-PCR from nasopharyngeal swabs was similar in the total VIS410 (6.75 log 10 vp/mL) and placebo (7.11 log 10 vp/mL) groups at baseline. The time profile of mean qRT-PCR viral shedding between treatment groups did not differ (Supplemental Fig. 3) . No difference was observed in the median VL-AUC between VIS410 (26.39) and placebo (27.74) treated subjects by qRT-PCR.
All treatment groups demonstrated similar increases in antiinfluenza A antibodies (HAI titers) from baseline (Day 1) to Day 28, indicating that treatment with VIS410 did not diminish the native humoral immune response (Supplemental Fig. 4 ).
Pharmacokinetic and anti-drug antibody analyses
A total of 96 subjects received VIS410 and were included in the PK analysis population. Following a single intravenous infusion of VIS410, dose-proportional PK was observed (as measured by AUC and C max ). The nasal-to-serum ratio was consistent with expectations for partitioning of a monoclonal antibody to the nasal cavity, with~3-4% VIS410 penetration to the nasal cavity (Supplemental Table 4 ). Overall, 20/92 VIS410 recipients (23%) developed a measurable anti-VIS410 antibody (ADA) response with an increase of N4-fold over time.
The maximum observed titer was 1:64, with a total of 4 (4.1%) VIS410 recipients with an ADA titer of 1:32 or 1:64 on Day 56, and 3 (3.1%) meeting this criterion on Day 100. There was minimal impact of ADA response on VIS410 PK through 28 days following treatment.
Assessment of viral resistance
HA sequence was determined for 131/138 influenza A-confirmed subjects [123 H3N2; 8 H1N1] including 107 paired baseline and postbaseline sequences [from 33 subjects that received VIS410-4000 mg, 36 subjects that received VIS410-2000 mg, and 38 Placebo-treated subjects.] Compared with the subject-matched baseline sequences, only 15 amino acid changes were observed post-baseline, including 6 in the VIS410-4000 mg group (18%), 6 in the VIS410-2000 mg group (17%), and 3 in the Placebo group (8%). None of the post-baseline changes occurred within the 25 HA residues that comprise the VIS410 epitope. Isolates from 129 subjects had VIS410 epitope amino acids that were identical to the H1N1 or H3N2 vaccine virus strains. Two patients harbored H3N2 viruses at baseline with rare polymorphisms at VIS410 contact residues in the HA2 subunit: HA2 N53D and HA2 G57R. Bioinformatics analysis of 40,000 influenza A HA sequences in the Global Initiative on Sharing All Influenza Data (GISAID) database demonstrated that HA2 D53 and HA2 R57 are rarely observed (HA2 D53 = 0.06% of influenza A HA sequences; HA2 R57 = 0.13% of all Group 2 HA sequences). Infection resolved in both subjects without evidence of delayed response or viral rebound. IC 50 analysis of these isolates revealed reduced VIS410 susceptibility in the HA2 N53D virus [IC 50 39.4 μg/mL] while HA2 G57R virus was fully VIS410 sensitive [IC 50 2.4 μg/mL]. All other pre-and post-treatment viral isolates tested were VIS410 sensitive [IC 50 range: 0.1-3.1 μg/mL].
Discussion
Despite advances in vaccine identification, manufacturing, and distribution and the development of novel antiviral therapies, influenza A continues to be a major cause of morbidity and mortality. Seasonal epidemics all too predictably lead to severe infection, secondary pneumonias, hospitalizations, and deaths, particularly in vulnerable populations such as infants and the elderly. The recent 2017-2018 Northern Hemisphere influenza season has been identified as one of the worst in recent years with the estimated U.S. national rate of hospitalization for influenza-like illness rising to an alarming 106.6 per 100,000 cases, with over 15,000 deaths considered influenza-related, tragically including 171 children with confirmed influenza-associated mortality [12, 13] . Continual influenza virus evolution, manifest in antigenic drift and pandemic shifts, contributes to this challenging profile, exacerbated by the paucity of available influenza therapies for hospitalized patients. In this 100th anniversary year of the globally devastating 1918 influenza pandemic, it is well recognized that the stakes are very high, with a compelling need for new and more effective therapies, better vaccines, and greater surveillance [14, 15] .
As a broadly neutralizing IgG1 monoclonal antibody with in vitro and in vivo activity against both influenza Group 1 strains (including H1 and avian H5) and Group 2 strains (including H3 and avian H7), VIS410 may have the potential to help address the medical need for new therapies for treatment of severe influenza A infection. This Phase 2a study was designed to assess the safety and tolerability of a single infusion of two dose levels of VIS410 compared with placebo in uncomplicated influenza infection, as a prelude to trials in hospitalized patients with more severe disease. Despite the small sample size and relatively mild presentation of illness in this study population, there was clear evidence of the impact of a single infusion of VIS410 on the pace of symptom improvement and time to resolution of culturable virus shedding. A favorable effect of VIS410 in comparison with placebo on viral replication was seen in all patients, but was more obvious in the subset that did not have an H3N2 neutralizing antibody titer (as measured by HAI) of N1:40 at baseline. It seems reasonable to speculate that this circumstance (presentation with low HAI antibody titer to one's infecting influenza strains) may occur more frequently in hospitalized patients. Importantly, there was no evidence that VIS410 enhanced influenza infectivity, based on viral clearance profiles and the absence of influenza relapse or recrudescence in the treated population. VIS410 also did not appear to reduce the ability to elaborate an antibody response to influenza A virus as anti-influenza A HAI profiles were similar between treatment groups, consistent with the fact that VIS410 targets the stem of influenza HA, distinct from sites predominantly targeted by the majority of endogenous neutralizing antibodies [16] .
VIS410, administered as a single infusion of 2000 or 4000 mg over 2 h following pre-medication with ibuprofen or aspirin and diphenhydramine, was demonstrated to be safe and well tolerated in patients with uncomplicated influenza infection. VIS410 demonstrated doserelated GI adverse events (diarrhea, nausea, and vomiting), but these events, with pre-medication, were typically mild and self-limited. GI adverse events occurred more frequently in recipients of the VIS410 4000 mg dose, while among recipients of 2000 mg, the rates of these events were generally comparable to those observed in placebo recipients. In light of the comparable antiviral activity of the two dose levels and the reduced adverse event rate associated with 2000 mg versus 4000 mg dosing, the lower dose appears most favorable for further development, although this conclusion will be tested by observations from an ongoing trial of severe influenza in hospitalized patients.
It is important to acknowledge that administration of single doses of ibuprofen or aspirin and diphenhydramine was required to mitigate dosing-related GI adverse events. The mechanism responsible for the occurrence of gastrointestinal adverse events has not been determined. Unpublished studies confirmed that VIS410 does not induce mast cell degranulation or histamine release under in vitro assessment. The side effect ameliorating profile of the combination of ibuprofen or aspirin plus diphenhydramine was an empirical observation, and is evident in comparing rates of GI side effects between Phase 1 studies [8] and this trial. Occasionally, should the drug move into clinical practice, clinicians may determine that administration of single doses of these pre- Fig. 4 . Percentage of subjects with negative virology (TCID 50 ) by study day (subset of subjects with positive cultures at baseline). The analysis subset includes subjects in the mITT group with a positive Baseline TCID 50 measurement (NBLQ). Negative viral load by TCID 50 is defined as the first timepoint with a TCID 50 measurement of BLQ or lower with no samples following that are TCID 50 -positive. Percentages are calculated based on the number of subjects with a TCID 50 measurement at each visit. The percent subjects negative for virus culture by Study Day 3 in the analysis subset was 63·2% for the VIS410 total group and 42·5% for the placebo group (p = 0·053).
medications does not satisfy benefit/risk assessment, or may require additional prophylactic medications. The important conclusion from this trial, however, is that this relatively simple measure reduced the AE profile of the 2000 mg dose to one comparable to placebo.
VIS410 demonstrated dose-proportional pharmacokinetics, with a half-life of approximately 10 days in serum and the nasopharynx. Nasopharyngeal VIS410 concentrations were approximately 3-4% of serum drug levels, consistent with previously observed partitioning of monoclonal IgG [17] . Nasopharyngeal VIS410 exposures exceeded the EC 50 of the majority of global isolates tested to date, maintaining those exposures through the expected period of viral shedding. Importantly, in naturally occurring severe influenza, lung concentrations of therapeutic antibodies should be far more relevant than nasal concentrations, particularly given that lower lung involvement is the hallmark of severe infection [18, 19] . In general, monoclonal antibody partitioning to the lung has been estimated to be approximately 15% relative to plasma [17] . Accordingly, VIS410 concentration at the site of action (lung) is predicted to be higher than that measured in the nasal compartment in this study. Lung concentrations of VIS410 will be more relevant in the hospitalized patient population with lower respiratory tract infection, the intended target population for VIS410 development.
Reduced susceptibility to VIS410 was rarely observed in this Phase 2a study in subjects with uncomplicated influenza, and no treatmentemergent resistant viruses were observed based on genotypic assessment. Most HA sequences (129 of 131) were identical to the vaccine strain at VIS410 epitope positions, with two variants identified at baseline. Infection in the two subjects harboring HA variants at VIS410 epitope positions resolved without evidence of delayed response or viral rebound. Notably, the HA2 N53D and HA2 G57R virus isolates demonstrated slower replication kinetics when cultured, consistent with possible reduced viral fitness for these variants. One variant, HA2 N53D, which has been identified in 0.06% of HA sequences in the GISAID database, demonstrated reduced susceptibility to VIS410 in vitro.
This study may also have broader significance. Development of a universal influenza vaccine is a critical priority of global health authorities, including the U.S. National Institute of Allergy and Infectious Diseases and the World Health Organization [15, 20] . Development of vaccine candidates that elicit a broadly protective immune response targeting conserved and constrained HA stalk domain epitopes has been a major objective in these ongoing efforts [21] [22] [23] [24] . Preclinical studies have identified that such antibodies, if of sufficiently high affinity and potency, can be protective [25, 26] ; however, depending on the epitope targeted and binding affinity, some antibodies may lack protective capacity or potentially even exacerbate disease [27] . In support of efforts to identify a universal or nearly universal vaccine strategy, we have demonstrated in both a previously conducted H1N1 challenge study and in this study of uncomplicated influenza that predominantly enrolled H3N2 infected patients, that an anti-stem antibody can have a measurable anti-viral effect during active infection, with evidence of disease suppression and faster resolution of symptoms.
The results presented here also provide support for the pursuit of broadly neutralizing antibodies to treat viral infections, a strategy that is being pursued in HIV [28] and Ebola [29] , among others. The evidence in influenza has been mixed at best, with polyclonal preparations demonstrating disease-modifying activity [7] and HA-stalk binding monoclonal antibodies such as MEDI8852 [30, 31] and MHAA4549A [32] suffering setbacks in clinical trials. MEDI8852 failed to advance into a Phase 2 trial in hospitalized patients (NCT03028909; ClinicalTrials. gov) and a Phase 2b trial of MHAA4549A in combination with oseltamivir for treatment of severe influenza in hospitalized patient was terminated following an interim analysis [33] . In this context, the preliminary evidence for efficacy of VIS410, a unique HA-stalk antibody, provides support that biologics-based therapeutics may be a viable treatment option for severe influenza infection, and that the influenza A HA-stem remains a rational target for universal vaccine development efforts.
Overall, data from this trial raise important questions that remain unanswered. Ongoing and future studies must determine if the antiviral effect observed in faster resolution of culturable nasopharyngeal virus in uncomplicated influenza translates into clinically meaningful outcomes when targeting virus replication in the lungs in more severe disease. Similarly, it must be determined if the persistence of influenza RNA in the nasopharynx (with resolution at the same rate as observed in placebo recipients) reflects failure of efficacy, or is simply a consequence of the mechanism of action of the mAb, binding and preventing viral replication in new cell targets while leaving neutralized but intact virions and sloughed respiratory mucosal cells available for collection by nasopharyngeal aspirate for RNA extraction and detection by RT-PCR. Most importantly, new influenza therapeutics must be demonstrated to have a meaningful impact on clinical parameters, particularly patients' functional status, in the setting of severe influenza.
This study set the stage for this evaluation, demonstrating the general safety and tolerability of a single intravenous dose of VIS410 in subjects with uncomplicated influenza A infection with evidence for more rapid symptom improvement and resolution of infectious virus shedding. Supported by these observations, a global Phase 2b evaluation of VIS410 in combination with oseltamivir in hospitalized patients with severe influenza A infection is ongoing at this time and will provide important additional data regarding the potential utility of VIS410 for the treatment of influenza.
Research in context
Systematic review
We identified references for this study by searching PubMed and Embase for articles published before July 2018 with the search terms "influenza" and "monoclonal antibody" with "clinical trials" and "treatment guidelines". Results of this search suggested that [1] : influenza A is associated with significant morbidity, mortality, and hospital admissions [2] ; treatment options are limited in this population. These search results emphasize the need for novel agents to treat severe influenza A infections. VIS410 has promising pharmacologic properties that make it a suitable candidate for clinical development in this setting.
Interpretation
Severe influenza infection is an unmet medical need and targeted monoclonal antibodies in combination with the standard-of-care therapy may play a role in management of hospitalized patients.
The results from this study are promising in terms of both safety and antiviral activity of a monoclonal antibody and the potential role this class of drugs can play in the management of severe influenza A infection.
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